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ABSTRACT

ThescopeofthisworkshowsnovelexperimentalfindingsonpreparinganataseTiO2nanoparticles,
firstanodizingtitaniumintoanorganicmediaforobtainingTiO2nanotubes,andusingtheseasa
photocatalyticactiveelectrodeintreatingwaterpollutedwithorganiccontaminants.Thesubstrates
weregritblastedtoobtainmechanicalfixationofthegeneratednanotubularTiO2structure.This
wassuccessfullyachievedwithoutdiminishmentofthenanotubesorderandwithaself-levelingof
theoutersurface.Anewphenomenonhasbeeninvestigatedconsistingoftheprocessofoxidation
ofthenanotubesinwaterafteranodizing.Alongthisprocess,methylorangeaddedtotheaqueous
solutionwasdiscoloredaspartoftheredoxreactioninvolved.Thefinalstateofthemodifiedlayerwas
composedofconglomeratesofalmostcompletelycrystallineTiO2nanoparticles,around4nminsize,
consistingofanatase.SEMandTEMimagesshowthetransitionoftheamorphousnanotubes(atomic
disorder/nanometricorder)tocrystallinedisorderedparticles(atomicorder/nanometricdisorder).
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INTROdUCTION

Today,manymaterialswithdifferentpropertieshavebeeninvestigated;thisincludesnanomaterials,
whichhavethepotentialtoinfluencemodernsocietyinmanyaspects.Thesekindsofmaterialsare
highlyinteresting,thusbothnanoscienceandnanotechnologyhavebecomeattractiveandexciting
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fields,becausenano-systemsmaynotbehaveliketheirbulkcounterparts.Theeraofdealingwithtiny
objectshasbeengainingmomentuminthepastfewyearsduetoindustrialprogress,thescientific
abilitytofabricate,model,andmanipulatethingswithasmallnumberofatoms,andthealmostdaily
discoveryofnovelsize-inducedphenomena.

Theoriginofthesize-inducedpropertiesinnanomaterialsdependsonthesurfacephenomena
(extrinsic contribution) andquantumconfinement effects (intrinsic contribution).The surface to
volumeratioincreasesrapidlywhenparticlesizedecreases(SouzaFilho&Fagan,2011).Thereare
manytechniquesforsynthesizingnanoparticles,butstudypresentstheinvestigationintoobtaining
themthroughthesynthesisofTiO2nanotubesthroughanelectrochemicalmethod(Momenietal.,
2019;Yuetal.,2020).Theanalysiscoversdifferentaspects,suchasmorphologylayersurfaces,
shape,andsize,chemicalcomposition,crystalline size,catalyticandphotocatalyticactivity,and
morphologybeforeandaftercatalyticandphotocatalytic tests.Theseanalysesdetailfindingand
observingacompletetransformationofthestructureto4nmanatasenanoparticles.

There are many studies that have been done on nanomaterials, but those directly related to
photocatalysisareprimarilyassociatedwithTiO2orZnO(Chen&Mao,2007).TiO2isusedfor
many applications, such as sunscreens, antibacterials, chemical sensors, pollutant filters, toner
photoconductors,andinoptoelectronics(Chen,Wang,Wei,&Zhu2012;Cui,Gao,Qi,Liu,&Sun
2012;Liang,Luo,Tsang,Zheng,Cheng,&Li,2012).ThemainuseofTiO2isasawhitepigmentthat
isputintomanyproducts,suchaswhitedispersionpaints.Today,itispossibletofindseveralindustries
throughouttheworldthatareproducingdifferentkindsofnano-structuredtitaniumdioxideonalarge
scale(Khvan,Kim,Hong,&Lee,2011).TheTiO2semiconductormaterialshowsavastnumberof
interestingproperties,whicharemaximizedwhenthesebelongtothenanostructure.However,one
oftheemergingandintensivelyexploredpropertiesofthisnanostructuredoxideisitsphotocatalytic
activity,primarilyforthetreatmentofenvironmentalpollution(Ortega-Diazetal.,2020).

ThephotocatalyticphenomenaofTiO2occurduetotheelectron-holeformationbyabsorbing
photonswithenergyequalorhigherthanthebandgapofthissemiconductorplusthepotentialofthe
surface.Photocatalysisoccurseventheadversepresenceofalargenumberofdefectsinthecrystalline
structure, such as oxygen vacancies, interstitial titanium atoms from the donor states, titanium
vacancies,andinterstitialoxygenatomsfromtheacceptorstates.Theelectronicconditioncreatedin
thisstructuralarrangementproducesabandgap,anintrinsiccharacteristicofsemiconductormaterials,
bytheexistenceofaforbiddengapbetweenthevalenceandtheconductionband.Thephotocatalytic
activityofTiO2occursonlywhenphotonswithenergiesgreaterthanitsbandgapenergycanresultin
excitationofthevalencebandelectrons,whichjumptotheconductionband,andthencanpromote
areaction.Theabsorptionofphotonswithlowerenergyorlongerwavelengthsthanthebandgap
energyusuallycausesenergydissipationintheformofheat.Theilluminationofthephotocatalytic
surfacewithsufficientenergyleadstotheformationofapositiveholeinthevalencebandandan
electronintheconductionband(Nakata&Fujishima,2012).

After thelightexcitation, theelectronhole-createdpaircouldhaveelectronicrecombination
releasingheatorcouldbeinvolvedinelectronictransferwithotherspeciesandinteractdirectly,or
throughsomephotosensitizerswithorganicsubstrates.Eitherthepositiveholeoxidizespollutants
directlyorwatertoproducehydroxylradicals(•OH),whereastheelectronintheconductionband
reducestheoxygenadsorbedonthecatalyst(Gelover,Gómez,Reyes,&Leal,2006).Basedonthis
principleTiO2and,morerecently,N-TiO2(Zhauetal.,2020;Zhouetal.,2020)hasreceivedattention
inresearchforthedegradationofdifferentorganicspecimensthatareenvironmentalpollutants.

The photocatalysis allows to decompose organic molecules, such as these of azo dyes. The
mechanismsandsub-productsaremanyandusuallyrequireshigherperiodsoftreatmentbeyondthe
decolorizationofaqueoussolutionsforacompletemineralizationwithH2OandCO2asfinalproducts
(ZamudioTorresetal.,2016a,b).
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BACKGROUNd

Pollutionfromsewage,agricultural,industrial,anddomesticwaterisexhaustingwaterresources,both
onthesurface,suchaslakesandrivers,andunderground.Potablewaterhasbecomeinsufficientfor
humanconsumptionandindustrialactivities.Theavailablewatersourcesareofinsufficientquality
andatanincreasingcostforagrowingpopulation.Forthisreason,technologicaldevelopmentshave
beensoughttoidentifymaterialsthatareusefulfortreatingpollutedwater,suchastitaniumdioxide.
Thismaterialwasselectedbecauseithaslowtoxicity,goodchemicalstability,anaccessiblecost,
anditischemicallyandbiologicallyinert.

In general, effluents containing dyes are treated biologically, using adsorption, membranes,
coagulation-flocculation, oxidation-ozonation, and Advanced Oxidation Processes (AOP). AOP
havebeendevelopedtodegradenon-biodegradablepollutantsfromwaterforhumanconsumption
andindustrialeffluentsintonon-harmfulsubstances(forexample,CO2andH2O).Heterogeneous
photocatalysisincombinationwithTiO2andUVlightisconsideredoneofthemostpromisingAOPs
forthedegradationofwater-solubleorganiccompounds(Álvarezetal.,2020;Heetal.,2020;Wang
etal.,2020).Inthisway,thedegradationofanorganicdyebyirradiationoflightcanbegenerated
bythreemechanisms:a)byaprocessofphotolysisinducedbytheenergycomingfromtheradiation
source;b)byaphotosensitizationprocesswherethevisibleradiationexciteselectronsoftheπbonds
ofthedyemoleculeareinjectedintotheconductionbandofthesemiconductorwiththeconsequent
oxidationofthedye;andc)byaconventionalphotocatalysisprocesswherethepromotionofan
electronfromthevalencebandtothebandconductionofthesemiconductor,byactionofradiant
energy,producesactivesites(hollows)foroxidationofthedye(Elhadjetal.,2020;Nguyen,Tran,
Tran,&Juang,2020;Wang&Zhuan,2020).

Therehavebeenmanyattempts tomakeTiO2more functionalbysuppressingelectron-hole
potentialrecombinationatgrainboundariesusingavarietyofmethods.Thesemethodsincluded:
nanowires(Liu,etal.,2011),nanorods(Huang,Ning,Peng,&Dong,2012),ornanotubes(Kwon,et
al.,2012;Nie,Mo,Zheng,Yuan,&Xiao,2013;Palmas,etal.,2012),whichhavebeenexploredas
analternativetonanoparticle-basedfilms.Self-orderedanodicTiO2nanotubearrayshaveespecially
attractedconsiderableinterestbecauseoftheirhighlyalignedgeometryandtheirsimplefabrication
process(Leietal.,2013;Liu,Lee,&Schmuki,2012).

FortheproductionofTiO2nanotubelayers,differentmethodshavebeenused,suchassol-gel
methodswithorganicgellantsastemplates(Arami,Mazloumi,Khalifehzadeh,&Sadrnezhaad,2007),
pre-depositedhydrothermalTiO2(L.Cuietal.,2012),microwave-assistedhydrothermal(Cuietal.,
2012),sonochemical(Aramietal.,2007),microemulsion(Y.Li,L.,Li,C.,Li,Chen,&Zengetal.,
2012),solvothermal (Wang,Yang,Wang,Huang,&Hou,2012),atomic layerdeposition(ALD)
(Mengetal.,2013),seededgrowthmethod(Tian,Voigt,Liu,McKenzie,&Xu,2003),bymeansof
ionicliquids(H.Lietal.,2011),andanodizedTi(Gongetal.,2001),amongothers.Theanodized
TiforobtainingTiO2nanotubesoffersbettercontrolovertheirdimensionsandhomogeneity.Thisis
carriedoutinfluoride-basedelectrolytes(Gongetal.,2001;Lai,Gong,&Lin,2012).

In2001,D.Gongetal.(2001)firstdevelopedtitaniananotubearraysself-organizedintoaTi
substratebypotentiostaticanodicoxidationusingHFsolutionsasanelectrolyteandpureTiplate
asthesubstrate.Asaconsequence,thisledtotheriseoftheresearchonTiO2nanotubearrays.The
researchers’specialnanoarchitectureofferedahighinnersurfacewithoutacorrespondingdecrease
ingeometricandstructuralorder(Shankar,Varghese,Mor,Paulose,Varghese,&Grimes,2008).
Theseorientedstructuresmakethemexcellentelectronpercolationpathwaysforachargetransfer
vectorbetweeninterfacesandofferimprovedpropertiesforapplicationsinmanyfields,suchassolar
cells,photocatalysis,photolysisofwater,andhydrogensensors(Johns,Roberts,&Owen,2011).

TheprimaryuseofTiO2isphotocatalysis.OnedisadvantageofTiO2nanoparticlesisthatthey
canonlyuseasmallpercentageofsunlightforphotocatalysis.Practically,thereexistsanoptimalsize
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foraspecificphotocatalyticreaction.Thisworkisbasedontheresultsobtainedafterthedegradation
ofmethylorangeusingTiO2nanotubes.

Newmaterialsandtechnologieshavebeensoughtforapplicationintreatmentsystemstoremove
organicpollutantsfromwater.TheuseofphotocatalysisinTiO2(titania)isproposedasanalternative
withgreatpotentialandhasbeenwidelyresearchedforthedecompositionofthesepollutants.

Whenobtainedbychemicalsynthesisandcommerciallyinpowderform,TiO2isdesiredtogive
itananotubetypestructuregrowndirectlyfromthetitaniummetalforuseincontinuousprocesses
having water fluxes and the ability to recover photocatalytic surfaces easily. In addition, unlike
conventionallyobtainedstructures,withheattreatmentatabout450°C,foroverhalfanhour,itis
soughttogeneratenanotubularstructuresatroomtemperature.Someoftheadvantagesofnanotubes
comparedtonanoparticlesincludethefollowing:

• The effective active area in contact with the solution. Due to the cylindrical nature of the
nanotubes,thereisagreatercontactofthesolutionwithsaidstructures,managingtopenetrate
theNMintothenanotubes,generatinganincreaseinthepossibilitiesofdegradationofthedye;

• Thehighorder;
• Thesupportontitanium,whichoffersgreateradvantagetobeusedwithwaterincontinuous

processes.

ThethreepointsaboveareconsideredadvantagesovernanoparticulatedTiO2asthecharacteristics
ofthenanotubesprovideasuperiorcatalyticdecompositionoforganiccomponentsbecausetheyallow
theeasydiffusionofcontaminantswithintheTiO2nanotubes.Inaddition,theuseofnanoparticulated
TiO2 implies that once the photocatalysis process is finished, it is necessary to clean the water
subjected to the treatment, since thenanoparticleswillbe suspendedandwill requireadditional
stages,oritisnotpossible.Ontheotherhand,ifTiO2nanotubesareused,itisnolongernecessaryto
applyanadditionalcleaningprocesstothewatertreatedbythephotocatalyticprocess.Additionally,
TiO2nanotubesgrowdirectlyfrommetallictitaniumpiecesinanyshapeandcanbere-processed
tocreatenewphotocatalyticsurfacesjustbypolishingandanodizing.So,thephotoactivesurfaces
canberecycled.

Thisstudyseekstoproposealternativesolutionstosolvingthecontaminationofsomeorganic
compoundsinwaterthroughtheuseofmetastablenanotubularstructuresofTiO2.Specifically,the
manufactureoftitaniumplateswithnanotubularTiO2surfaces.Thediscolorationanddegradationof
aqueoussolutionsofmethylorange(NM)wasevaluatedintwoways:photocatalyticandcatalytic.
For the photocatalytic pathway, an experimental setup was performed for exposure to UV light
andsubsequentdiscolorationanddegradationofNM.Whileforthecatalyticpathway,onlyadark
environmentwasnecessarytogeneratetheaforementionedeffects.

ThemodelcompoundtobedegradedwasNM,asimplestructuredyewithasingleazobond
(N=N),frequentlyusedasanindicatorofthephotocatalyticactivityoftitania(Boczar,Łęcki,&
Skompska,2020:Florezetal.,2020;Zhiyong,Ruiying,Runbo,Zhiyin,&Huanrong,2020).NMis
anorganicsubstanceusedasadyeinthetextileindustryandasanacid-baseindicator.Ithasbeen
shownthatthissubstanceisnotbiodegradablewhenpresentinwater,whichiswhyphotocatalysisis
proposedforuse;photocatalysis,whichbelongstotheAOP,hasthefunctionofdegradingcompounds
thatarehardtobedegradedorganically(aerobicallyoranaerobically).

Finally,ingeneralterms,photocatalysisinTiO2isconsideredtobeanalternativewithgreat
potentialandhasbeenwidelyresearchedforthedecompositionoforganicpollutantmoleculesin
water.However,thestudyofnanotubularstructuresofTiO2byusinganodizinganddissolutionon
titaniumisarelativelynewareaofresearchinphotocatalysis.
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eXPeRIMeNTAL

TiO2nanotubesweresynthesizedthroughanodizing-dissolution.ThepreparationoftheTiplatesfor
theanodizingprocessbeganwiththeremovalofanyrustpresentbypolishing.Then,theTiplates
weresubjectedtoasandblastingprocessprovidedbytheSandblastHorusGroupLtd.,TezcaMark,
forgeneratingaroughsurface,whichwasproposedtoanchorthenanotubesadequately.

Thesystemforanodizingwasanorganicmedium,whichconsistedofthefollowing:Electrolyte
(ethyleneglycol98%v/v,H2O2%v/v,NH4F0.3%wt/%)andTiplates(97.5%Ti,2.42%C,0.08%
Sn).Theanodizingtimewasvariableandthetimeswere2,4,8,and16h.Amongthetimes,2hand
4hresultedinabetterdegradationeffect(Figure7).Avoltagerampofapproximately100mV/s
(6V/min)wasused,startingfrom6V,andincreasingitto60V(mainpotentialusedintheTiO2
nanotubesgenerationprocess).

Theexperimental setupconsistedof:a)anopen transparentpolypropylenecontainerwitha
capacityof4L;b)acentralTiplateasacathode(13x9cm,thicknessof1mm),theimmersedarea
wastypically4x9cm,and;c)twoTiplatesasanodes(4cmx3cm,thicknessof1mm),oneper
eachsideofthecathode,witha2cmseparationbetweenanode-cathode-anodeandanimmersed
areatypicallyof2.5cmx3cm(7.5cm2).

After obtained, TiO2 nanotube layers were used to treat methyl orange aqueous solutions
catalytically (without UV light) and photocatalytically (with UV light). The methyl orange
(C14H14N3NaO3S,AcrosOrganicsbrand),withaconcentrationof20mg/L,wasusedasamodel
contaminant.Thesetestswereperformedwith15mLofthesolutionputintopolypropylenebottles,
whereanodizedTiplateswereimmersed,andlaterstoredintothedarknesswithinacontainer.

Forphotocatalyticdegradationtests,methylorangeaqueoussolutionswereplacedinopenplastic
containers.TheanodizedTiplateswereplacedintothesolution,thecontainerwasplacedintoa
specialcellforphotocatalysis(closed,blackPVCcontainer)andsubjectedtoartificialUVlightwith
amercuryUVlamp(GEgermicidelamp,modelG15T8,15W).

TiO2nanotubesweregeneratedinanorganicmedium(0.3wt/%NH4Fand2v/%H2Oinethylene
glycol,60V)withvariousanodizingtimes(30min,2h,4h,8h,and16h).

Thereisarelationshipbetweentheporediameter,thewallthickness,andtheanodizingvoltage,
which,amongotherfactors,formpartoftheprocessofformingtheTiO2nanotubearraysonthe
surfaceofthetitanium(Roy,Berger,&Schmuki,2011).Themechanismis:

1. Theformationofacompactlayeroftitaniumdioxideoccursinthefirststep.Itisformeddue
totheinteractionofmetallicTiwithO2-andOH-,presentintothesolution,underanexternally
appliedelectricfield(reactions2and3):

Ti H O TiO H4
2 2

2 4+ ++ → + 

2. WiththeTiO2layerformedontheanodeinthevicinityofthis,theTiO2surfacereactswith
fluorideions,withthehelpoftheelectricfield,formingthecomplex[TiF6]

2-dissolvedinwater,
resultinginsurfacecracks:

TiO F H TiF H O
2 6

2
2

6 4 2+ + → +− + − 

3. Fracturesbecomelargerpores,andtheporedensityincreases.Subsequently,theporesbecome
evenlyspreadoverthesurface(Y.Liuetal.,2011);

4. Whentherateofoxidegrowthonthemetal-oxideinterfaceandthedissolutionrateofoxidein
theoxide-electrolyteinterfaceareequal,thethicknessofthebarrierlayerremainsunchanged;
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5. Thelengthofthenanotubesincreasesaslongastheratioofelectrochemicaloxidationremains
equaltotheratioofchemicaldissolutionintheuppersurfaceofthenanotubes.Thus,itproduces
aporous,self-organizedstructure.

Variouscausesinfluencethephotocatalyticefficiencyinnanotubulartitaniasurfaces,among
others,themanufacturingprocess,inwhichthefactorsare:currentintensity,theelectrolyteused,
impurities,treatmenttemperature,dissolvedoxygen,experimentalsetup,etc.

Toevaluatethephotocatalyticactivityoftitaniumdioxide,asingledyehavingamoleculewith
asinglelinkazo(N=N)wasused,namedmethylorange(MO).

Someoftheunusualconditionsemployedtoproducethenanotubularstructures:

1. Sandblasting:Beforeapplyingthistechnique,titaniumplateswerecleanedwithawirebrushto
removecorrosiononthesurface.Aftercleaning,theapplicationproceedstosandblast(onlyto
theanodes).Thepressureusedtoaccomplishthesurfaceattritionwas100kg/cm2,foronemin
persideofeachTiplate.TheabrasivematerialusedwasAl2O3withanaverageparticlesizeof
about2.5mm.Theprincipalreasonforusingsandblastingwastoincreasetheadhesionofthe
modifiednanotubeslayers,andtoresistadversemechanicalconditions.Anexamplecouldbethe
continuousflowofwater.Thistreatmentwasnecessarybecause,afterthefirsttestsoftitanium
anodizing(withoutsandblasting),theresultsrevealedthatthelayersmadeofthenanotubular
structureshadpooradhesion,hadfractures,anddetachedeasily;

2. Water dosing for the system:Theexperimentalsetupconsistedofanopenvessel,whichallowed
evaporation,alongwithwaterconsumption,byelectrolysisrequiredforprovidingoxygenand
aciditytothebottomofthenanotubes.Thismadeitnecessarytocontinuallyaddwaterintothe
system.Thiswasdonebydrippingwaterinataratethatcouldcompensateforthelossofwater,
andthatmaintainedthesamesolutionlevel.Inaddition,thischangeintheprocess,asafavorable
consequence,avoidedariseintheelectricalresistivityofthesystem.Theconductivityofthe
solutionwasmonitoredandcontrolled,whichresultedinindicationsofabalanceamongTiF6
resultingfromthereaction,theadditionofNH4Fformaintainingthefluoridelevel,andconstant
wateraddition.Aftercompletingeachanodizingprocess,solutionswerestored.Usually,during
aperiodthatallowedenoughtimeforprecipitationofacrystallinecompoundtooccur.These
crystalswerecomposedoffluorine,ammonium,andtitanium(Figure8).Afterseparatingthe
precipitate,theethyleneglycolsolutionswerere-usedforanodizing.Duringalloftheexperiments,
theimplementationofmagneticstirringintothesystemwasdone.Thisallowedamasstransport,
improvingthehomogeneityofthespeciesconcentrationsinthesolution;

3. Voltage ramp:Applyinganinitialvoltageramphasbeenshowntopromotethedevelopmentof
anetworkofinterconnectedcavitiesfromtheearlystagesoftheprocess.Thishelpstorelease
stressattheinterfacemetal/metal-oxide(M/OM)andaidsintheretentionofthetitanialayeron
topofthetitaniumsubstrate.Since,atthebeginningoftheexperiment,theelectrodelocated
closetothesolutionwaswithoutanoxidelayer,it,therefore,requiredlesscurrentdensity;

4. Adding NH4F to the electrolyte:Whenthesolutionwascreatedfromneworpureethylene
glycol,usuallya0.3%w/wofNH4Fwasadded,accordingtocalculationsbasedontheconditions
oftheelectrolyte.However,whentheelectrolytewasre-used,itwasnecessarytoaddNH4F.
SubsequentadditionstousebathsweredonetomaintainthechemicaldissolutionofTiO2.Some
testswererealizedforcomparingnanotube layersobtainedaftermanywereanodizedin the
sameethyleneglycolbath.Itwasfoundthatthebathcouldbeusedfourtimeswithoutdetriment
intheconditionsorcharacteristicsoftheresultingnanotubelayers.Thiswasperformedwith
considerationforthematerialadditionsandmonitoringtheprocessparameters;

5. Ultrasonic cleaning (sonication) of the nanotube-modified Ti plate surface:Afteranodizing
Ti,itwasnecessarytoapplysonication,whichinvolvesthepropagationofhigh-intensitysound



International Journal of Applied Nanotechnology Research
Volume 4 • Issue 2 • July-December 2019

32

wavesinliquidmedia.Thisisoneofthemostefficientmethodsofcleaningandresultsarenon-
abrasiveanddonotleaveresiduesofchemicalsolutionsonthesubstrates.

Theapplicationofultrasoniccleaningwasintendedtoeliminateanyremainingadsorbedspecies
aftertheanodizingprocessonthemodifiedtitaniumplate.Thiscleaningwasconductedbyimmersing
thenanotube-Tiplateinabeakercontainingdeionizedwater.

ReSULTS ANd dISCUSSION

SeM and HRTeM Analysis of Nanotubes
Tubularstructureswereobservedusingascanningelectronmicroscope(SEM),whichshowsTiO2
nanotubesformed,generatedduringananodizing-dissolutionprocessinorganicmedia.Figures1A
through1DprovideSEMimagesthatshowTiO2layersandnanotubesstructures.

Figure1Ashowsanareaof1.0µm2,whereitispossibletosee32nanotubes,wherein29of
theseare surroundedby6nanotubesand3are surroundedby5nanotubes.Therefore,basedon
suchobservation,thehexagonalpackingfactorwas0.92.Thus,92%ofthenanotubeshadsixfirst
neighbors.Inthisarea,thenanotubeswerenotperpendiculartothesurfaceplanebutdeviatedto
theleft.Thiswassomethingtypicalforthenano-structureswithsubstratessubjecttosandblasting.

Figure 1. Four SEM images corresponding to A) sandblasted and anodized Ti substrate, Figures 1B through 1D corresponding 
to anodized Ti without sandblasting pretreatment.
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Forthosenanotubesnormaltothesurfaceplane,thecalculatedwallthicknessandporesizewere
approximately10-20nmand110-140nm,respectively.

Figures1Band1Dshowfracturesona topmodified layer,which showsnanotubes formed
at the bottom, constituting a second modified layer. This was changed by using sandblasting as
showninFigure1A.Thethicknessdependsondifferentparameters,suchastime,buttypicallywas
approximately10µmper2hofanodizing.Figure1Cshowsadetachedfragmentofthenanotube
layerwithathicknessofapproximately17.6µm.

TEMwasusedforsamplespreviouslyusedinwatertreatment.Thenanotubularstructuresobtained
bymeansofanodizedtitanium,afterthetreatment,resultedindifferentmorphologyincomparison
tootherworksreported.Theyweremetastableduetotheircomposition:fluorine,ammonium,and
titanium.Figure2showsfourTEMimagesthatpresentthenanotubestransformationtonanoparticles.
Figure2-B,2-C,2-Dpresentfuzzynanotubes.

Figure2A(0.2µm)isshowninthetop-leftphoto,Figure2B(0.5µm)isshowninthetop-right
photo,Figure2C(200nm)isshowninthebottom-leftphoto,andFigure2D(50nm)isshownin
thebottom-rightphoto.

Theauthorsproposethatthosestructuresunderwentatransformationfromastructuremadeof
fluorine/ammonium/titanium,byslowlyoxidizinginwater,untilreachingatitaniumoxide.

Figure3showsthatthematerialishighlycrystalline.Thecrystallitesizewasdeterminedby
Scherer’sequation(eq.1)andthesizewasapproximately4nm:

τ
λ

β θ
=

K

Cos


Figure3A(10nm)isshownintheleftphoto;Figure3B(2nm)isshownintherightphoto.
Thiswasfirstobservedonsamplesthathadhigherpercentagesofdiscolorationofmethylorange

aqueoussolutions,correspondingto2hofanodizingtime(Figures2Aand2B).Thesampleswere
immersed inwater containingmethylorange for approximatelyaround fourdays.This causeda
solutiondiscoloration,butalsoasurfacechange.Thenanotubeslayerwasmodifiedtoathick,white,
powderylayer.

AHigh-resolutiontransmissionelectronmicroscopy(HRTEM)analysiswasperformedonthe
sampleafter2h(Figures2Aand2B)and4h(Figures2Cand2D)ofanodizingwithouttheapplication
ofaheattreatment.Thisimpliesthegenerationoftheanatasenanoparticlesfromcontactwiththe
aqueoussolution.Thesemicrographsshowthepresenceofnanotubularstructureswithaperturesof
nanotubesofapproximately120nmwithlengthsofapproximately0.5µm.Thenanotubesapertures
measuredbyHRTEM(120nm)coincidedwiththatobtainedfromSEM(110-140nm).

Inthosecaseswherethenanotubularstructurewasdesirable,heattreatmentsofapproximately
450°Cwereappliedfor30min.Thecrystallitesizewasapproximately25-40nm.

Chemical Composition and Crystalline Sizes determination
Inadditiontoidentifyingthedesiredphase(anatase)forphotocatalyticprocessesbymeansofX-ray
powderdiffraction(XRD),itispossibletodeterminethechemicalcompositioninweightpercent(%
wt)andthesizeofthecrystalsformed(nm)byusingtheRietveldmethod.Thisisconsideringonly
thecrystallinepartofthesamplesandexcludingthoseelementsbelow10,000ppm.Figure4shows
twodiffractograms,onecorrespondingtoaTi-treatedplatewithmethylorangeaqueoussolution,
andanothercorrespondingtoasimilarsample,butheat-treated.Inaddition,itshowstheanatase
referencepatternJCPS21-1272.

Thisconfirmedthatitwaspossibletoobtaintheanatasephasewithoutheattreatmentonlyby
oxidationincontactwiththeaqueoussolutionofNM(nitromethane).Inbothcases,testswithand
withouttheapplicationofUVlight(for4h)wereperformed.Finally,therewasasubstantialcrystallite
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sizedifferenceobservedintheanatasephase,withandwithoutheattreatment.Thelargercrystallite
size(26.8nm)wasobtainedbyusingtemperatureinordertomodifysamplesandasmallersize(4
nm)wasobtainedbyimmersioninaqueousmethylorangesolutions.

discoloration of Methyl Orange (MO)
For determining the concentration of MO, the UV-vis (ultraviolet–visible absorption) spectra
(absorbancevs.concentration)wasusedtoacquiredataonaqueousdyesolutionswiththefollowing
concentrations:5,10,20,25and30mg/L.Themainabsorptionbandwaslocatedat463nm(see
Figure5,labelMO).Theabsorbanceforalloftheconcentrationswastakenatthewavelengthused
forthecalibrationcurve.ThosesampleswerenotexposedtoUV.

Figure5showtheabsorbancespectraforaseriesofsamplesusedinthecatalytictests.Sample
M1wasobtainedbyanodizingthetitaniumfor4h,butitwasusedpreviouslyinadiscoloration
test.SampleM2wasobtainedbyanodizingthetitaniumfor4h,butitwasnotdriedinairbefore

Figure 2. Four TEM images corresponding to nanotubes after water exposure for four days. The fuzzy structure indicates the 
transformation of nanotubes to a particulate system.
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discolorationtests,butinstead,keptinethyleneglycol.SamplesM3throughM7wereobtainedby
anodizingthetitaniumfor2,4,8,and16h,respectively.

ThesampleswerenotexposedtoUV,thusthediscolorationwasattributedtoacollateraleffectof
theoxidationprocessforthenanotubes.SamplesM2andM3showedahigherdegreeofdiscoloration,

Figure 3. HRTEM images corresponding to nanotubes after water exposure for four days. The fuzzy atoms distribution indicates 
the transformation of the amorphous nanotubes (atomic disorder/nanometric order) to crystalline disordered particles (atomic 
order/nanometric disorder).

Figure 4. Diffractograms of anodized titanium plates with heat and water treatments. Black squares indicate the anatase peaks. 
The other peaks correspond to metallic titanium.
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correspondingto4hand2hofanodizing,respectively.Thecontacttimewiththesolutionforall
sampleswasapproximatelyfourdays.SamplesM2andM3accomplishedthediscolorationintwo
days.Theauthorsproposethattheoxidationprocessinthosetwosampleswasduetothenanotubes’
layerconditions,suchasthefluorine/ammonium/titaniumbondsandratios.

Withregard to thesamples thatunderwent8hand16hofanodizing, itwasnoted that the
discolorationofthemethylorangesolutionswerenotaseffectiveastheresultsforsamplesM2andM3.
ItisimportanttonotethattheM1sampleincreasednitromethanecoloring.Theorangecolorchange
beganincreasingitsintensitywithadeepredtone;itwaspreviouslyusedinanotherdiscolorationtest,
whichwastheprimarydifference.Theothersamplesonlydiminishedsolutionscolor.Nonetheless,
thiscapacityfordiscoloringthemethylorangesolutiononlyoccurredduringtheoxidationofthe
nanotubeslayerprocess.Afteritwascomplete,thesampleslostthiseffectwithoutUVexposure.
Therefore,itwaspossibletoobservealossofbleachingeffectonMOwhenasamplewasusedmore
thanonce.Sincethetransformationcreatesanataseparticles,theybecomephotocatalytic,butwith
poorcohesionamongparticlesoradhesiontothesubstrate.ThesamplesM5andM6,despitenot
havingthedyeabsorptionband,hadahighbaselineduetoturbiditycausedbythedetachingofTiO2
nanoparticlesthatremainedasapermanentcolloidintheaqueoussolution.

Kinetic Analysis
Theprocessdegradationwasadjusted toakineticmodelandaconstantrateofreactionkinetics
was obtained using the Langmuir-Hinshelwood equation (1). This equation applies to low dye
concentrations.TheconcentrationofMO(20mg/L)wasappropriatefortheuseofthisequation:

ln
C

C
k t
app

0















= 

Equation(1)wasusedbytestingthereaction.Itwasplottedasln[C0/C]vs.time(t)and1/Cvs.
time(t),whichrepresentsreactionsoffirstandsecondorder,respectively.

Figure 5. UV-vis analysis shows spectra corresponding to the process of methyl orange discoloration during the process of 
nanotubes oxidation and their transformation to anatase nanoparticles.
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Figure6showsacorrelationcoefficientverycloseto1(R2=0.9933).Therefore,itprovidesa
verygoodfittingofthereactiontoanequationofthefirstorder.Inotherwords,theorderofreaction
was1.Theexperimentaldatawereindicatedassquaredots.Theblackstraightlineisforeye-guide
andthebluecurvefitstherealdata.Thefigureshowsonlyfiveexperimentaldataandthecurvewas
drawnforfittingthesedots.Itisanisothermbecausethetemperaturewaskeptunchanged.There
wasevolutionofthesystemasthedyewasdecolored.So,thekineticsreferstothisvariationofdye
colorintensity.

Catalytic and Photocatalytic Tests
Photocatalytic Tests
Photocatalytictestsperformedwereoftwokinds:

1. Testwith1hofexposuretoUVlightand4daysofnanotube-modifiedplatesincontactwith
theMOsolution;

2. Testwith4hofexposuretoUVlight.ThiswasthetimerequiredfordiscolorationoftheMO
solutionwiththeexperimentalsetupused.

Inthesetests,modifiedsurfaceswereexposedtoultravioletlightwithinMOsolutions.Thiswas
performedinaclosedcellforphotocatalysis.ThetimeofexposuretoUVlightwas1h,whereasthe
contacttimewiththesolutionofMOwas96h(fourdays,asinthetestswithoutUVexposure).MO
discolorationwasquantifiedbyUV-visanalysis.

Discoloration Effect
UV-visanalysisshowedtheeffectofMOviaphotocatalyticdiscoloration.Thedegreeofdiscoloration
observedinsamplesovertimegeneratedsixdifferentconditions.Figure7showstheabsorbance
spectrafortheseriesofphotocatalytictestsperformed.SamplesM3andM4werethosethathad

Figure 6. Fitting of the ln [C0/C] vs. Time (t) plot corresponding to the discoloration of methyl orange in water using nanotubes plates
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ahigherdegreeofdecolorizing,correspondingto2hand4hofTianodizing,respectively.Inthe
casesoftestsonsamplesthatunderwent8hand16hofTianodizing(M5andM6,respectively),
discolorationswerenotaseffectiveasresultsnotedinsamplesM3andM4.

ItisimportanttonotethatsampleM1increasedMOcoloring.Again,thismodifiedtitaniumplate
samplewaspreviouslyusedinanotherdiscolorationtest.Itwaspossibletoobservealossofbleaching
effectontheMO.Asmentioned,thediscolorationeffectonthedyecanbeobservedonlywhenthe
surfacewasnotpreviouslyused.Oncetheoxidationofthelayerwascomplete,sucheffectends.

TitaniumplatescanbeeasilycleanedbyremovingtheTiO2nanoparticlesformedduringthe
oxidation/discolorationeffect,whichispossibleusingsonicationforapproximately20min.This
actionfreesthetitaniumplatesandmakesthemavailableforuseagaintorepeattheanodizingprocess.

Comparison Between Catalytic and Photocatalytic Tests
In previous sections, the catalytic and photocatalytic effects by contacting nanotubes modified
titaniumplateswiththeaqueoussolutionsofMOwereanalyzed.Inthisway,twokindsoftestswere
conducted,onecatalyticandtheotherphotocatalytic.Basedontheresults,bothprocessesresulted
indiscolorationoftheMOsolution.Thephotocatalyticdiscolorationwasobtainedwithin1hof
exposuretoUVlight.However,thetimerequiredtoperformatestwiththecatalyticalprocesswas96
h.Thislimitsitsuse,togetherwiththefactofasingle-useforeachsample.Ontheotherhand,such
aneffectisanewobservation.Thecollateraldiscolorationeffectwasawaytoquantifyandfollow
thetransformationofthenanotubeslayerbyoxidation,andtheirlossofammoniumandfluoridethat
formedpartofthestructure.

Analysis of Precipitate Formed After Anodizing in Organic Media
Duringthegenerationofnanotubesbyoxidation-dissolutionofTi-TiO2anorganicbathwasused.
Theircompositionwas:ethyleneglycol98%v/v,H2O2%v/v,NH4F0.3wt/%.Theseelectrolytes
werere-usedseveraltimes,accordingtotheproceduredescribedintheexperimentalsection.After
beingusedapproximatelyfourtimes,thesolutionsweresaturated.Thesolutionswerestored,which

Figure 7. UV-vis spectra of solutions with discoloration of methyl orange in a photocatalytic process
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allowedforanaccumulationofaprecipitate.Thewhitepowderyprecipitatewasabundant.Italso
waseasytoremove,allowingre-useofthosesolutionsforanodizing.

Figure8showsthefittingbytheRietveldmethodusingtheTOPAS4.2software.Thelinesat
thetopcorrespondtotheexperimentaldiffractogramsandthefitting.Thegraylinecorrespondsto
thedifferencebetweenthosetwo.

Thewhiteprecipitatewas formed into thesolutionsused foranodizing titaniumplates.The
time,obtainingthisprecipitatedependedupontheconcentrationandstorageconditionsofthebath
previouslyused.Afterseparationandcleaning,theprecipitatewasanalyzedbyX-rayDiffraction
(XRD).Thisallowedadeterminationofcomposition.AccordingtotheXRD,thecompoundidentified
in the precipitate formed after anodizing titanium plates was (NH4)2TiF4O, ammonium fluoride
titaniumoxide,whichcorrespondedto100%ofitscomposition.Itsunitcellisdisplayedasaninsert
inFigure8.

An amorphous variant of the compound (NH4)2TiF4O is proposed as forming the nanotube
structureshownintheSEMimages,whichtransformsintoanatasenanoparticles,asshowninthe
HRTEMimages,byoxidationofsuchcompound.

CONCLUSION

Nanotubesstructuresweregeneratedbyanodizingtitaniumplatesusinganorganicsolution(NH4F0.3
wt/%,H2O2%v/v,C2H6O298%v/v)employingavoltagerampof6V/minand,finally,maintaining
60V,whichwastheworkingpotentialoftheanodizingprocess.Thedimensionsofthenanotubes

Figure 8. The fitting of a diffractogram corresponding to a white precipitate formed at the solutions used for anodizing titanium 
plates. This crystalline compound was identified as (NH4)2TiF4O.
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generatedatroomtemperaturewerenanotubeopeningsof110–140nm,wallthickness10–20nm,
length5–20µm.

The nanotubular structures generated were metastable. Their procurement was under some
changes incorporated into theprocess, suchas: sandblastingof the titaniumplates,continuously
addingwatertothesystem,constantagitationoftheelectrolyte,theadditionofammoniumfluoride
tocompensateitsconsumption,re-useofsolutions,andvoltageramps.Additionally,longperiodsof
immersionforthemodifiedlayerplatesintotheaqueousMOsolution(20mg/L),rangedfrom4to
96h.SampleswerethenanalyzedbyXRD,SEM,andHRTEM,whereanatasenanoparticleswere
identified,substitutingthenanotubestructures.

XRDshowedthatbeforecontactingtheMOaqueoussolutionofmodifiedtitaniumplates,no
anatasestructureappeared.However,afteraslowoxidationprocesswithinanaqueousMOsolution,
it was possible to observe anatase TiO2. This was independent of UV exposure. Furthermore,
byemployingXRD,amarkeddifferencewasobservedincrystallitesizeswithandwithoutheat
treatment,resultinginsizesof26.8and4.7nm,respectively.Accordingtothediscolorationrates
obtained,thetestusing4hofexposuretoUVlightresultedin95.5%ofdiscoloration.TEMshowed
aconversionofnanotubestoTiO2nanoparticleswithoutheattreatment.Anamorphousvariantof
thecompound(NH4)2TiF4OisproposedasformingthenanotubestructurethatisshownintheSEM
images,whichtransformsintoanatasenanoparticles,asshownintheHRTEMimages,byoxidation
ofsuchcompound.
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